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Unicellular organisms such as yeast constantly monitor their environment and respond to nutritional cues. Rapid adaptation to ambient changes
may include modification and degradation of proteins; alterations in mRNA stability; and differential rates of translation. However, for a more
prolonged response, changes are initiated in the expression of genes involved in the utilization of energy sources whose availability constantly
fluctuates. For example, in the presence of oleic acid as a sole carbon source, yeast cells induce the expression of a discrete set of enzymes for fatty
acid β-oxidation as well as proteins involved in the expansion of the peroxisomal compartment containing this process. In this review chapter, we
discuss the factors regulating oleate induction in Saccharomyces cerevisiae, and we also deal with peroxisome proliferation in other organisms,
briefly mentioning fatty acid-independent signals that can trigger this process.
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Yeasts are able to use a wide range of carbon and energy
sources. When fermentable sugars are present, genes encoding
enzymes required for the breakdown of non-fermentable carbon
sources are normally turned off through a complex mechanism
of gene regulation termed glucose repression [1]. This
mechanism additionally maintains the diminution of the mito-
chondrial and peroxisomal compartments. As sugar fermenta-
tion proceeds, mitochondrial enzymes required to oxidize
ethanol become derepressed following a metabolic rearrange-
ment termed the diauxic shift. Utilization of fatty acids, which
are degraded via peroxisomal β-oxidation to produce acetyl-
CoA and reduced electron carriers, similarly requires the
respiratory chain to yield energy. For C2 compounds such as
acetate to be diverted to biosynthesis, the glyoxylate cycle is⁎ Corresponding author. Tel.: +49 234 322 7046; fax: +49 234 321 4279.
E-mail address: Hanspeter.Rottensteiner@ruhr-uni-bochum.de
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doi:10.1016/j.bbamcr.2006.07.011engaged to enable the net synthesis of C4 metabolites for
gluconeogenesis.
Upon depletion of glucose, a number of genes are expressed
to a considerable extent through glucose derepression which, at
least for some, constitutes the major part of their regulation
since they do not undergo any further induction [2]. However,
other genes obey additional cues relating to nutrition avail-
ability. For example, β-oxidation genes are repressed by
glucose, derepressed on non-fermentable carbon sources, and
are induced several fold in the presence of oleic acid [3,4]. This
oleate induction is accompanied by a drastic expansion of the
peroxisomal compartment. In Saccharomyces cerevisiae, the
oleic acid-specific mechanism effecting the most dramatic
increase in transcription of genes encoding peroxisomal
functions is based on the oleate response element (ORE) that
binds the transcription factor Pip2p–Oaf1p. This mechanism is
intricately associated with a further regulatory circuit based on
the Adr1p-binding upstream activating site, referred to as
UAS1. Fatty acids elicit a similar response in many organisms,
and in certain species this can also be triggered by additional
compounds, including methanol and hydrogen peroxide.
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The majority of S. cerevisiae genes that are upregulated
on oleic acid via Pip2p–Oaf1p contain a palindrome
sequence in their promoter regions comprising of two CGG
triplets spaced by 15–18 nucleotides (N), with at least one
half site additionally containing a TNA triplet, as follows: 5′-
CGGN3TNAN9–12CCG-3′ [5–8]. This promoter sequence,
termed the oleate response element (ORE), is sufficient to act as
in vitro binding target for the Pip2p–Oaf1p transcription factor,
and reporter constructs based on a minimal CYC1 promoter that
additionally accommodate an ORE emulate the transcriptional
schedule of native inducible promoters under oleic acid-
medium conditions.
A small number of fatty acid-responsive genes contain
slight deviations from this consensus, including ANT1 and
PEX25. The ANT1 ORE contains a CGGN3TNA half site,
which is consonant with the requirement for conserved T and
A residues [9]. However, the spacing in the ANT1 ORE is
short by one nucleotide (i.e. N14 instead of N15–18). The
isolated ANT1 ORE is nevertheless sufficient to confer oleic
acid-dependent transcription on a basal promoter as well as to
bind Pip2p–Oaf1p in vitro. Similarly, PEX25 contains an
ORE with a half-site comprising an aberrant CGGN3TNG
sequence lacking the canonical adenine, which is considered
critical for element function and Pip2p–Oaf1p binding [10].
This deviation notwithstanding, investigations using lacZ
reporter genes and in vitro protein–DNA interactions revealed
that the PEX25 ORE could bind Pip2p–Oaf1p and confer fatty
acid-specific activation on a basal promoter.
In reference to whether Pip2p–Oaf1p is important for
regulating peroxin genes whose promoters contain ORE-like
sequences, it was found that the transcription factor was able to
bind efficiently to the PEX5 ORE (CGGN10TTAN3CCG), and
to a lesser extent also to the ORE-like sequence in the PEX14
promoter (CGGN3TNAN7CCG; N13 spacing). Similar
sequences also exist in the promoters of PEX7 (CAGN10-
TNAN3CCG) and PEX13 (CGGN12TNAN3CGG); however,
immunoblotting revealed that the last three peroxins were not
expressed to higher levels in cells grown on oleic acid medium
compared with those propagated on ethanol [10]. Hence, only
close scrutiny of such promoter elements using an array of
biochemical techniques can reveal whether these are in fact
physiologically relevant. The current agreement on the minimal
ORE is defined as CGGN3TN
A/RN8–12CCG.3. Architecture of the Zn2Cys6 transcription factor
Pip2p–Oaf1p
Pip2p and Oaf1p belong to a family of fungal transcription
factors that contain a Zn2Cys6 DNA-binding domain [11].
The corresponding module in other members of this protein
family that is responsible for DNA binding coordinates two
zinc ions using six cysteines in a binuclear cluster that forms
a comparatively rigid, independently folded structure [12].
This DNA-binding module interacts with its target DNAsequence primarily through conserved backbone carbonyl
contacts, with only a single side chain-specific connection
being formed [13]. These observations may explain why all
of the known C6 zinc-cluster domains recognise the same
CGG half site, which in some cases is interchangeable [14].
In addition to CGG half sites, intervening nucleotides that
are adjacent to the triplet also play a key role in Pip2p–Oaf1p
binding (see previous section). It remains unclear which
transcription-factor moiety recognises these additional base
pairs; domain-swapping experiments conducted on Hap1p [15]
indicate that DNA-binding modules such as those found in
Pip2p–Oaf1p may recognise in an asymmetrical manner
additional bases in proximity to their CGG targets.
Most zinc-cluster proteins act as homodimers, with Pip2p–
Oaf1p representing a rare exception. Contact between the
partners is enabled by a dimerisation domain that is constructed
from one or several α-helices with hydrophobic residues facing
the helical interface [16]. Dimerisation domains are connected
to DNA-binding modules via linker regions, which in the
context of a dimer additionally determine the spacing between
the two DNA-binding domains and, therefore, the number of
intervening nucleotides between the CGG triplets within the
cognate target DNA [12]. It is not known why Pip2p and Oaf1p
deviate from their family preference for homodimerisation to
form a heterodimer.
Like the situation with other C6 zinc-cluster proteins, also
Pip2p and Oaf1p each possess a single C-terminal activation
domain, theirs being a short sequence enriched in acidic amino
acid residues [17]. In reference to the issue of the cue-specific
stimulation of transcriptional activity in zinc-cluster proteins,
this is thought to occur via a less well-defined middle-
homology region [18] that orchestrates the conformational
changes required to unmask the activation domain upon
stimulation. In the case of Oaf1p, activation is achieved by an
internal stretch that bears some similarity to the ligand-binding
domain of mammalian nuclear hormone receptors (discussed
below).4. Regulation of Pip2p–Oaf1p in the presence of oleic acid
or glucose
A number of findings support the idea that Pip2p–Oaf1p is
specifically activated in the presence of oleic acid. Deletion of
PIP2 or OAF1 results in the loss of fatty acid inducibility of
ORE-dependent genes, without affecting their derepression on
C2-carbon sources [19,20]. In addition, expression of PIP2, but
not OAF1, is induced by oleic acid via a functional ORE in its
promoter [19,21,22].
With respect to the mechanism triggering the transcriptional
activity of Pip2p–Oaf1p by a nutritional signal, it is interesting
to note that only Oaf1p is responsive to fatty acids. Over-
expression of Oaf1p in a pip2Δ strain is sufficient to provoke
a moderate fatty acid-dependent response in an ORE-driven
promoter [17]. This is not the case for Pip2p when
overexpressed in an oaf1Δ strain. Moreover, by assaying the
intrinsic transcriptional activity of both factors by means of
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acid.
On the other hand, the transcriptional activity of both Pip2p
and Oaf1p is directly repressed by glucose. When expressed in
cells as LexA-fusions from the constitutive ADH1 promoter,
concomitant addition to the medium of both oleic acid and
glucose completely repressed the transcriptional activity of the
two factors, whereas dual addition of fatty acids plus raffinose
or glycerol did not block the fatty acid mediated-transcrip-
tional response [23]. This observation indicates that glucose
repression is dominant over oleic acid induction [17].
Propagation of cells on medium consisting of fatty acids and
glycerol can be exploited to induce peroxisomes in yeast
mutants that would otherwise fail to grow on fatty acids as
sole carbon source [22]. The molecular mechanism causing
this glucose-dependent repression of the transcriptional
activity of Pip2p and Oaf1p is unknown, but it may well be
that the protein kinase Snf1p is pivotal to this process, since a
snf1 mutant strain demonstrates a dysfunctional peroxisome-
proliferation phenotype (see below) [24].
The body of evidence for the direct activation of Oaf1p by
fatty acids – or simple derivatives thereof – is gathering
weight. Oleic acid induction occurs rather quickly, with
mRNA of ORE-regulated genes accumulating already after
30 min in cells grown on fatty acids. Induction persists as long
as fatty acids are in the medium: in β-oxidation mutants such
as pox1Δ cells, fatty acids cannot be degraded and,
consequently, the signal persists for a more prolonged period
of time. It is also largely independent of protein synthesis. For
oleic acid induction to take place, only a single cellular
component needs to be synthesised, this being Pip2p, since in
cells containing abnormally high levels of Pip2p, enhanced
ORE-driven transcription persists even in the presence of
cycloheximide, an inhibitor of protein translation [9]. Func-
tional peroxisomes as well as fatty acid β-oxidation are also
dispensable for this induction [9,25]. Finally, absence of any
members of the Pex11p family of proteins, previously suggested
to generate a metabolic signal required for peroxisome
proliferation [26], also does not impact on the fatty acid
response [27].
Very recently, an elegant algorithm taking into account both
structural and sequence similarities revealed a semblance of
the middle parts of Pip2p and Oaf1p with the ligand-binding
domain (LBD) of nuclear hormone receptors. Expression of
the respective domains as recombinant proteins and their
examination for interaction with fatty acids revealed specific
binding of oleic acid to a portion of Oaf1p with a KD in the
nanomolar range [25], whereas the corresponding Pip2p
domain did not bind the fatty acid. Point mutations in the
LBD of Oaf1p that retained Pip2p–Oaf1p dimerisation and
DNA binding but abolished the interaction with oleic acid
were transcriptionally silent. Since the mutations were chosen
based on the modelled Oaf1p LBD, its structure might indeed
resemble that of the LBD of nuclear receptors. While it is
becoming clear that Pip2p does not bind fatty acids, other
Pip2p ligands could be envisaged that integrate additional
metabolic cues into the fatty acid signalling pathway.The results by Phelps et al. [25] compare well with the
regulation of mammalian PPARα. The list of ligands for this
receptor comprises several free fatty acids as well as a class of
synthetic compounds known as peroxisome proliferators
[28,29]. PPARα's binding partner, RXRα, binds retinoic
acid rather than fatty acids. In both cases the heterodimeric
protein fulfils the function of a general lipid sensor required to
achieve lipid homeostasis. In the case of PPARα it has been
shown that fatty acid-binding protein (FABP) interacts with it
and is required for a full lipid-mediated response, leading to
the suggestion that FABP delivers ligands to the nucleus
where they are relayed to PPARα [30].
Like the situation with mammalian PPARα, yeast Oaf1p is
probably also constitutively nuclear since a functional GFP–
Oaf1p remains localised to the nucleus irrespective of the
protein's transcriptional activity (our unpublished observa-
tion). Hence, we reason that Oaf1p is dependent on the fatty
acid ligand being delivered to the nucleus. However, since
FABP is apparently missing in yeast [31], this raises the issue
of the availability of free fatty acid within the cell. In this
respect it is worth noting that activation of the E. coli
transcription factor FadR is regulated by the CoA ester rather
than the free fatty acid [32,33].
5. Free or activated fatty acids as Pip2p–Oaf1p ligands
ORE-dependent gene expression was also examined in a
yeast mutant that exhibits only residual acyl-CoA synthetase
activity due to the deletion of the genes for both Faa1p and
Faa4p. In this genetic background, activation of ORE-
regulated genes is increased despite the absence of exogenous
fatty acids, leading to the suggestion that free fatty acids rather
than their CoA derivatives represent the actual ligands [25].
Although it is clear that the endogenous concentration of fatty
acids is not sufficient to induce a transcriptional response in a
wild-type strain, some idling of β-oxidation substrates
released prematurely during fatty acid synthesis has recently
been described [34]. In the absence of Faa1p and Faa4p, this
natural flux might cause a build-up of fatty acids that in turn
gives rise to the observed Pip2p–Oaf1p activation.
On the other hand, further induction upon addition of
exogenous fatty acids does not occur, and the activity in the
faa1faa4 mutants does not reach the wild-type levels under
these medium conditions, arguing in favour of fatty acyl-CoAs
being the natural inducers of Pip2p–Oaf1p [35]. Fatty acid
uptake is thought to occur by vectorial acylation, enabled by an
interplay of Fat1p and Faa1p/Faa4p [36], which would keep the
intracellular concentration of free fatty acids rather low.
Furthermore, fatty acids are not taken up efficiently in the
absence of this molecular sink, which helps explain why no
further increase in expression was observed in the faa1faa4
double mutant. In this respect it might be interesting to see
whether fatty acyl-CoA binding protein [37] might be required
for delivering cytoplasmically generated acyl-CoA esters to a
constitutively nuclear Oaf1p. It will be important to expand the
Oaf1p-fatty acid binding assay to include CoA derivatives, as
well as to test more substrates with varying chain-lengths. The
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Pip2p–Oaf1p in an in vitro transcription system that measures
the stimulation of transcription by the addition of ligands.
Several other Zn2Cys6 factors bind ligands directly, such as
Gal4p, Put3p, as well as a number of other factors [38]. In all
these examples, binding of the ligand is thought to provoke a
conformational change, which is required to unmask the
activation domain of the transcription factors, and ultimately
results in the recruitment of RNA Polymerase II. DNA binding
does not appear to be a regulated step in the physiological
function of this class of proteins. However, the mechanistic
details among them can differ significantly. Whereas the Put3p
homodimer binds directly to proline [39], Gal4p first binds the
repressor protein Gal80p and only then is it relieved from
repression through a Gal3p laden with the inducer molecule
galactose [40]. In the case of the Pip2p–Oaf1p heterodimer,
intermolecular interactions are thought to keep the factor in its
inactive state, since Pip2p showed a high activity even in the
absence of fatty acids when tested as a fusion with an ectopic
DNA-binding domain [17].
This inactive state can be altered by fatty acids binding to
Oaf1p so as to liberate the heterodimer's activation domains
from masking. Oaf1p alone could, in principle, be able to act
as a fatty acid-inducible activator and indeed, binding of an
Oaf1p homodimer to OREs can be detected upon over-
expression [21]. However, physiological concentrations of
Oaf1p are virtually unable to bind to OREs without Pip2p, as
shown by gel retardation assays and an in vivo footprinting
[17,21,23], whereas homodimers of native Pip2p have not
been observed.
The Zn2Cys6 factors of lower eukaryotes might represent the
equivalent of the nuclear hormone receptors since both classes
are regulated by a direct modulation of the transcription factor.
One significant difference remains, however; hormone recep-
tors are only bound by lipid ligands able to traverse the
membrane, whereas zinc-cluster proteins can also interact with
hydrophilic compounds that pass through the membrane with
the help of specific transporters.
6. The pleiotropic activator Adr1p
The C2H2 zinc-finger protein Adr1p was originally iden-
tified as regulator of the ADH2 gene encoding alcohol
dehydrogenase II, but is now recognised as a global gauge
for carbon-source availability. This is particularly true for genes
whose protein products channel metabolites into acetyl-CoA
production. Adr1p-deficient mutants fail to grow on a variety
of non-fermentable carbon sources when these are supplied as
the sole carbon and energy source, including ethanol, glycerol,
and fatty acids, and are compromised for the typical
peroxisome proliferation instigated under the latter medium
conditions [24]. This has led to the suggestion that Adr1p acts
on several target genes encoding proteins with peroxisomal
functions.
First among them to be reported as being subordinate to
Adr1p was CTA1 encoding peroxisomal catalase [41]. Sub-
sequent analyses of additional ORE-regulated genes for Adr1pdependence revealed that transcription of SPS19 and POX1 is
not induced in an adr1Δ mutant supplied with oleic acid.
Sps19p represents peroxisomal 2,4-dienoyl-CoA reductase – an
auxiliary β-oxidation enzyme required for breaking down
unsaturated fatty acids – and Pox1p is the peroxisomal acyl-
CoA oxidase of “classical” β-oxidation. On the other hand,
other genes, including POT1/FOX3 encoding β-ketoacyl-CoA
thiolase, are only moderately affected by deleting ADR1
[42,43]. Since Pox1p is the first and rate limiting enzyme of
the β-oxidation spiral, failure to transcribe the corresponding
gene suffices to explain the inability of an adr1Δ mutant to
grow on oleic acid.
With respect to peroxisome proliferation, expression of
PEX11 is also tightly regulated by Adr1p [42]. Pex11p is the
predominant protein of peroxisomal membranes and is
regarded as being key in the expansion of the peroxisomal
compartment [44–46]. Subsequent DNA-microarray studies
performed on wild-type and adr1Δ cells under derepressing
growth conditions consisting of low levels of glucose in the
medium confirmed the requirement for Adr1p in relieving
repression of the above-mentioned ORE-regulated genes, and
extended their number to include FOX2, DCI1, IDP3, PXA1,
PCD1 and possibly PXA2 and FAA2 [47]. Adr1p was shown
by in vitro methods to bind to its cognate elements in several
ORE-containing promoters, including those driving the
expression of CTA1, SPS19, POX1, and PIP2 [41–43], and
by in vivo chromatin-immunoprecipitation to interact with the
resident UAS1s of CTA1, POX1, FOX2, and POT1/FOX3
[47,48].
7. The protein kinase Snf1p
Snf1p is homologous to AMP-activated protein kinase [49],
and is essential for derepression as well as for utilizing fatty
acids. Yeast snf1Δ (and snf4Δ) cells represent glucose-
derepression mutants demonstrating a strong peroxisome-
proliferation defect. This has led to the suggestion that Snf1p
is required for oleic acid induction [24]. Snf1p is postulated to
have multiple targets, including the transcription factors Sip4p
and Cat8p, as well as the glucose repressor Mig1p [50].
Phosphorylation of Mig1p by Snf1p results in its dissociation
from the co-repressor Cyc8p–Tup1p [51] and relocation from
the nucleus to the cytoplasm [52]. Clearance of the Cyc8p–
Tup1p repressor from the cognate elements in the promoters of
a number of glucose-repressible genes allows transcription to
proceed. However, in the case of ORE-regulated genes not
abiding by Mig1p control it is not clear how Snf1p might be
involved [53–55].
One possible explanation leans on the fact that both Pip2p
and Oaf1p are intrinsically repressed by glucose [17]. Hence,
it is tempting to speculate that the two might represent genuine
targets for phosphorylation by Snf1p. This could provoke the
conformational change postulated to be required for activating
Pip2p–Oaf1p by fatty acids.
As for the influence of Snf1p on Adr1p, it appears that the
former is required for Adr1p to bind to its target promoters,
but Adr1p levels are not reduced in the snf1Δ mutant [56]. It
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ally depend on Snf1p to become derepressed [47,57]. Since
subsequent dissociation of Adr1p from DNA is instigated by
the Glc7p–Reg1p phosphatase, it is reasonable to assume that
also the initial binding of Adr1p to UAS1s might be due to its
phosphorylation. Alternatively, Snf1p could impact on the
target promoters to enable binding by Adr1p (described
below).
8. Chromatin remodelling
When considering the transcriptional role of Adr1p at the
chromatin level, it is interesting to note that UAS1s appear to
be continuously nucleosome-free and thus accessible to Adr1p
binding under any nutritional condition [58]. Nevertheless, for
Adr1p to bind DNA under glucose-repressing conditions,
histones must first be artificially hyper-acetylated by mutating
the histone deacetylases HDA1 and RPD3 [57,59], the effect
of which is to remodel chromatin into an arrangement that is
amenable to gene activation. This has led to the suggestion
that an inopportune chromatin structure impacts negatively on
Adr1p binding. Following its binding to DNA, Adr1p recruits
the TATA box-binding protein which initiates transcription.
However, this recruitment only occurs when the nucleosome
around which the TATA box is wrapped becomes destabilized.
This is facilitated when histones are acetylated, since in
gcn5Δ or esa1ts acetyl-transferase mutants that maintain
under-acetylated, abnormally stable histones, mRNA accumu-
lation is strongly delayed or reduced [58].
In the cases of the INO1 and GAL1 genes whose
transcription is regulated by Adr1p-independent promoters,
their activation depends not only on histone-H3 acetylation by
Gcn5p but also on phosphorylation by Snf1p [60,61].
Recruitment of Snf1p to these promoters is undertaken by
the activation domains of specific transcription factors
regulating INO1 and GAL1. Hence, when it comes to
promoters abiding by Adr1p regulation, it seems reasonable
to propose that their additional dependence on Snf1p could
follow a similar pattern to the situation with INO1 and GAL1
in that Adr1p calls on Snf1p to remodel the chromatin around
which these promoters are packed.
UAS1s and OREs are often found in close vicinity, and
nucleosome maps of the promoter regions of POX1, POT1/
FOX3, and CTA1 reveal that like the situation with UAS1s,
OREs similarly reside in nucleosome-free regions [58]. This
raises the issue of whether OREs are permanently bound by a
Pip2p–Oaf1p that must first be converted into an active
transcription factor in the presence of fatty acids. Although
electrophoretic mobility shift analysis (EMSA) exposed that
Pip2p–Oaf1p derived from glucose-grown cells binds to
OREs, it is not known whether this is replicable in vivo
under non-inducing conditions. At any rate, the two partners
are not excluded from the nucleus in the absence of an inducer
(our unpublished observation). However, given the fact that
Pip2p is barely detectable in the absence of oleic acid, the
physiological relevance of binding of the heterodimer to OREs
under these conditions is not clear to us.9. Genes regulated by Pip2p–Oaf1p and Adr1p
Following the identification of the ORE, attempts were
initiated in several laboratories to identify ORE-regulated genes
at a genome-wide scale. Computer-based searches with a rather
loose ORE consensus sequence led to the identification of a set
of genes that included most of the known oleic acid-regulated
genes [22,62,63]. Application of the same strategy to a more
narrow genomic subset representing the mitochondrial carrier-
protein family led to the identification of the gene for Ant1p, the
peroxisomal adenine nucleotide transporter, as abiding by
Pip2p–Oaf1p control [64].
From the collection of new genes posited to contain OREs,
several were experimentally verified as being inducible by oleic
acid [22,65], including ECI1, DCI1, TES1, and YJL218w. It
turns out that most of the genes recovered in this way encoded
peroxisomal proteins, but among them were also a few non-
peroxisomal ones. These included nuclear Pip2p, which is
subject to Pip2p–Oaf1p control [21,22], as well as mitochon-
drial citrate synthase Cit1p and the mitochondrial carnitine
carrier Crc1p [22,66], all of which abide by Pip2p–Oaf1p
regulation.
A previous attempt to determine global fatty acid-induced
transcription compared wild-type and otherwise isogenic
pip2Δ cells that were propagated on oleic acid, using serial
analysis of gene expression. This revealed that expression of
metabolic enzymes by far exceeds that of peroxins involved
in peroxisome biogenesis [67]. However, limitations to the
sensitivity of this method left open the issue of whether PEX
genes are regulated by Pip2p–Oaf1p. Subsequent DNA
microarrays were employed to compare the expression
profiles between de-repressed and oleic acid-induced cells
[68,69]. The results demonstrated that prior to induction a
stress response is triggered by the sudden presence of high
levels of fatty acids causing a transient uncoupling of the
respiratory chain. This response is mediated by the transcrip-
tion factor Yap1p and aids in adapting to the new
environmental condition [68]. With respect to fatty acid-
regulated genes encoding peroxisomal proteins, PEX25 and
YOR084w showed up [69]. Since this study did not address
the regulation by Pip2p-Oaf1p, it remains to be seen which of
the listed genes indeed harbour a functional ORE. Moreover,
genes that are only moderately regulated by oleic acid
escaped detection; these might be better studied in a more
targeted fashion [70]. Meanwhile, most of the S. cerevisiae
genes that are significantly up-regulated by fatty acids have
been identified.
An issue worth considering is the identity of those PEX
gene(s) that actually promote peroxisome proliferation. The
mechanism of this process is not yet fully understood, and will
be discussed in this special issue [118]. From the number of
peroxins that have been suggested as candidate proliferation
proteins [71], Pex11p, Pex25p, and to some extent also Pex31p
and Pex32p are inducible by fatty acids, in this order of
induction magnitude [27,72,73]. As mentioned previously,
induced expression of peroxins on oleic acid in general is not
high, but Pex11p represents an exception in that its expression
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coordinated peroxin upregulation probably suffices for the
observed proliferation defect in the pip2Δ and oaf1Δ induction
mutants, and unscheduled expression of Pex11p or Pex25p
causing the number of peroxisomes to increase even in the
absence of fatty acids is consistent with this idea.
Genes that are under the control of Adr1p have been
determined at a genome-wide scale [47,48,74], but not under
oleic acid-inducing conditions. While this prevents a direct
assessment of the relevance of the identified genes to oleic acid
induction, Young and colleagues found several Adr1p-regulated
genes that additionally contain an ORE in their promoter [47].
This cluster is comprised of several known oleic acid-regulated
genes but also a few potentially interesting new genes, such as
YPL113c and SLZ1 (YNL196c), that have hitherto not been
associated with fatty acid metabolism.
10. RTG genes and the retrograde response
Peroxisome proliferation in S. cerevisiae can also be
triggered by a completely different circuitry, termed the
retrograde response [75], in which a set of nuclear genes
receives a signal that is emitted by the mitochondria of cells
with a defective respiratory chain [76–78]. This fatty acid-
independent response is postulated to ensure that even during
fermentative growth, sufficient production of α-ketoglutarate is
maintained for the synthesis of glutamate and several other
amino acids. A number of genes are subordinate to retrograde
regulation via the action of the Rtg1p–Rtg3p transcription
factor, including CIT2 encoding peroxisomal citrate synthase
[75,78].
However, fatty acid-oxidation enzymes and the proliferation
peroxin Pex11p are not direct targets for Rtg1p–Rtg3p, since
their gene promoters lack R boxes representing the cognate
DNA-binding element for this transcription factor. Moreover,
their mitochondrial dysfunction-induced transcription still
occurs in rtg mutants, and under fatty acid-medium conditions,
ORE-dependent induction also remains feasible in the absence
of the Rtg1p–Rtg3p [79,80], albeit at a reduced level. It would
be interesting to determine whether a novel pathway exists that
is capable of inducing both β-oxidation enzymes and peroxi-
some proliferation in the absence of exogenous fatty acids.
Whether this pathway is linked to a mutation in the RML2 gene
encoding a mitochondrial ribosomal protein that adversely
affects peroxisomal β-oxidation [81,82], remains to be seen.
11. Peroxisome proliferation and induction in other
organisms
11.1. Methylotrophic yeasts
From the regulatory point of view, methylotrophic yeasts
differ from bakers yeast since in addition to responding to fatty
acids the former also detect methanol as a stimulus for
expanding their peroxisomal compartment. It appears that the
enzymes needed to degrade methanol or fatty acids are regulated
by distinct transcription factors, since alcohol oxidase is heavilyinduced exclusively in cells grown on methanol, whereas β-
oxidation enzymes are highly expressed in cells supplied with
fatty acids [83]. Thus far, Pip2p–Oaf1p orthologues have not
been reported for methylotrophic yeasts, partly due to the lack of
publicly available genome sequences. However, that such
proteins might exist is underscored by the identification in
Hansenula polymorpha of the Mpp1p transcription factor
belonging to the binuclear Zn-cluster protein family [83].
Mpp1p, which is essential for methanol induction, is thought
to represent the key regulator for compartmentalized methanol
utilization. Mutant mpp1Δ cells grown on methanol fail to
express the key enzymes in methanol metabolism, alcohol
oxidase Mox1p, a FAD enzyme catalyzing the oxidation of
methanol to formaldehyde with the concomitant release of H2O2,
and dihydroxyacetone synthase Das1p, which converts formal-
dehyde and xylulose-5-phosphate into dihydroxyacetone and
glyceraldehyde-3-phosphate [84]. Although the fate of fatty acid-
inducible genes in the mpp1Δ mutant was not reported,
peroxisome proliferation is prevented in this genetic background,
with eachmutant cell exhibiting only a single (or few) peroxisome
(s) [83]. Catalase expression was not affected by the absence of
Mpp1p, despite the fact that the single peroxisomal catalase ofH.
polymorpha is required for growth on methanol [85].
In reference to how peroxisome proliferation might be
instigated by a component responding to both methanol and
fatty acids, at least two possibilities exist. One is that
proliferation proteins such as HpPex11p might abide by a
regulatory circuit subject to different transcription factors and,
two, differentially regulated Pex11p isoforms could occur that
would allow carbon source-specific expansion of the peroxi-
somal compartment.
HpAdr1p is likely to act in concert with Mpp1p since the
MOX1 promoter driving the expression of the aforementioned
methanol oxidase contains multiple upstream activating
sequences. These include potential UAS1s that response to
ScAdr1p when introduced to baker's yeast [86,87]. It will be
important to determine whether any of the protein–DNA
complexes obtained with the MOX1 promoter contains Mpp1p
[86]. A Pichia pastoris protein with significant homology to
ScAdr1p, PpMxr1p, has recently been identified and character-
ized. PpMxr1p appears to be more important for regulating
methanol-inducible genes than for those responding to fatty
acids [88], since only the enzymes for methanol utilization are
significantly down-regulated in mxr1Δ mutant cells. On the
other hand, this mutant fails to grow on medium supplied with
methanol or oleic acid as the sole carbon source, indicating that
genes critical for fatty acid breakdown might also be adversely
affected in mxr1Δ cells. Hence, Mrx1p might be sufficient for
controlling peroxisome proliferation independently, or might
resemble Adr1p by acting combinatorially with a separate fatty
acid-sensing transcription factor.
11.2. n-Alkane utilizing yeasts
Several yeasts, including Yarrowia lipolytica [89] and Can-
dida tropicalis [90], are able to grow on n-alkanes as the sole
carbon source, since they possess the enzymes required to
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transported to the peroxisomes for degradation via β-oxidation.
It is therefore not surprising that in addition to fatty acids also n-
alkanes are able to stimulate peroxisome proliferation in these
yeasts.
An oleic acid-responsive element was identified in the
promoter of the C. tropicalis trifunctional enzyme HDE
containing the hydratase and two dehydrogenase activities of
β-oxidation [91]. This element represents an ORE-like
sequence that diverges from the canonical CCG triplet
(CGGN3TTAN12CAG; deviant adenine underlined, and which
is probably not tolerated by ScPip2p–Oaf1p). Similar sites were
found in the promoters of other genes encoding C. tropicalis
peroxisomal proteins [91]. An element 3′ to this site that is able
to confer derepression was additionally identified in the HDE
promoter. Since examination of the reporter constructs with
HDE promoter fragments can be carried out in S. cerevisiae
cells, it is very likely that the C. tropicalis fatty acid-sensing
machinery is functionally conserved.
In concert with the n-alkane-oxidizing enzymes, β-oxidation
enzymes are also upregulated in the presence of this carbon
source. An n-alkane-responsive element was identified in the
C. tropicalis 3-ketoacyl-CoA thiolase promoter, which does
not harbour the typical CGG triplets of an ORE [92]. However,
upstream of this n-alkane element, there occurs a sequence that
might represent a deviant ORE (CGGN3GAAN6GTAN3CCG;
underlined adenine diverges from the near-canonical TNA
triplet). Were this sequence to bind to – and abide by – Pip2p–
Oaf1p, this could argue in favour of two independent activating
elements.
In reference to the issue of whether the n-alkane and fatty
acid responses are independent of each other in C. tropicalis, it
has been documented that in pex mutants lacking functional
peroxisomes the n-alkane response is lost [93]. This is in
contrast to the finding that in Y. lipolytica [94] and S. cerevisiae,
the fatty acid signal does not depend on peroxisomes. In other
words, were the C. tropicalis n-alkane response to remain intact
in the absence of functional peroxisomes, this would resemble
the situation in the latter yeast species, indicating that the two
responses share the same regulatory circuitry. However, the
underlying difference in C. tropicalis leads us to suggest that
like in the situation in S. cerevisiae, the response to fatty acids
could be sensed and triggered directly by fatty acids, whereas
that to n-alkanes is potentially a β-oxidation intermediate. This
would mean that the two classes of signalling molecules are
registered by separate proteins, which in turn act on different
promoter sequences.
It is interesting to note that the n-alkane-responsive element
is also inducible by propionate and butyrate (but not by acetate)
[92]. This evokes the idea that short-chain fatty acids re-
presenting the C3 and C4 penultimate products of peroxisomal
β-oxidation arising from the breakdown of a variety of
hydrocarbons might be the actual signalling molecules. This
would mean that upon degradation of exogenous fatty acids via
β-oxidation the n-alkane response would be also stimulated to
trigger the expression of n-alkane-oxidizing enzymes, although
these are not needed under fatty acid-medium conditions. Asimilarly futile response exists in S. cerevisiae, where palmitic
acid can instigate oleate induction, which in turn upregulates the
expression not only of the enzymes of the core β-oxidation
process required to degrade it, but also of the auxiliary enzymes
of the spiral, namely Sps19p, Eci1p, and Dci1p [63,65,95],
which are entirely dispensable for palmitic acid degradation.
11.3. Filamentous fungi
Several other fungi are used as model organisms to study
peroxisome biogenesis or fatty acid metabolism, including the
filamentous fungi Neurospora crassa [96,97], Aspergillus
nidulans [98,99], and Penicillium chrysogenum [100,101].
Both the expression of peroxisomal β-oxidation enzymes as
well as the proliferation of the compartment are inducible by
fatty acids in these fungi [98,102], but with the exception of A.
nidulans (described below) this has not been reported in
molecular detail.
To be able to grow on fatty acids as a sole carbon source, A.
nidulans relies on two Zn2Cys6 binuclear proteins encoded by
farA and farB. [103]. The two proteins bind in vitro to a
nucleotide sequence comprised of CCTCGG, which is found in
the promoters of genes encoding the glyoxylate cycle, β-
oxidation, and peroxisomal functions. Transcript-accumulation
analysis using Northern blotting demonstrated that in cells
lacking FarA, induction of a number of genes by both short- and
long-chain fatty acids is abolished, while deletion of the farB
gene abrogates only short-chain fatty acid induction. Ortholo-
gues of FarA and FarB occur in other filamentous fungi such as
N. crassa, whereas FarA has potential orthologues even in the
yeasts C. albicans and Y. lipolytica [103]. This should prompt
an investigation into the role of FarA orthologues in peroxisome
proliferation instigated by n-alkanes and fatty acids in these
species.
11.4. Mammals
The key regulator of peroxisome induction and proliferation
in mammals is the peroxisome proliferator-activated receptor α
(PPARα), a member of the nuclear receptor family [104].
PPARs play a central role in the regulation of storage and
catabolism of dietary fats [105]. PPARα is particularly
important for the induction of fatty acid oxidation in response
to nutritional challenges such as fasting. Maintenance of lipid
homeostasis is achieved by the ability of PPARα to bind a range
of fatty acids and metabolites thereof, including eicosanoids
[106,107]. A class of hypolipidemic drugs known to act in rats
as peroxisome proliferators, and which serve as pharmaceutical
compounds to lower blood serum triacylglycerols in human
patients (and as a consequence also of cholesterol) are also
ligands for PPARα. Liganding causes the dimerisation of
PPARα with RXRα and binding to peroxisome proliferator-
response elements (PPREs) in the promoter regions of target
genes. This results in increased expression of proteins required
to transport and catabolize fatty acids, including enzymes of the
mitochondrial and peroxisomal β-oxidation systems, fatty acid
uptake, and lipoprotein assembly [108]. The main physiological
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in key tissues.
In rodents, hallmarks of PPARα activation are peroxisome
proliferation and a highly expressed acyl-CoA oxidase. Pro-
longed administration of hypolipidemic drugs or deletion of
acyl-CoA oxidase invariably leads to liver cancer [109,110].
This effect is thought to be caused by the sustained activation of
PPARα, since PPARα-knockout mice fed with peroxisome
proliferators not only fail to induce PPRE-regulated genes but
also to expand the peroxisomal compartment [111]. Further-
more, these mutant mice do not present carcinogenic lesions. In
contrast, all current evidence indicates that humans treated with
hypolipidemic drugs do not develop cancer. Expression of
human PPARα in the PPARα-null mutant mouse suffices to
induce a number of β-oxidation enzymes and to restore the
ability to lower serum lipids, but does not induce peroxisome
proliferation or the transcription of cell-cycle associated genes
such as PCNA [112], showing that additional target genes exist
for murine PPARα. With respect to peroxisome proliferation,
we might speculate that murine – but not human – PPARα
targets PEX11 or other proliferation-specific proteins, since the
major peroxisomal matrix enzymes are induced in either case.
11.5. Plants
Seed germination depends on the mobilization of storage
lipids and the net synthesis of glucose by the glyoxylate cycle.
For both processes, glyoxysomes (plant–seed peroxisomes) are
essential since they are the exclusive site for fatty acid β-
oxidation and harbour the key enzymes of the glyoxylate cycle
[113]. The β-oxidation and glyoxylate cycle enzymes are
appropriately induced in a coordinated manner [114], but
virtually disappear during the transition of the compartment
from seedling glyoxysomes to leaf peroxisomes. The coordi-
nated induction is suggestive of a global regulatory mechanism
for the mobilization of storage reserves, but transcription factors
mediating this induction have not been reported.
Expression of several PEX genes from Arabidopsis thaliana
respond to hydrogen peroxide, a compound generated by
various stress types, including pathogen attack and wounding
[115]. The induced peroxin expression provokes an expansion of
the peroxisomal compartment, thought to be beneficial for the
cell to counteract the imposed stress. Infection with an avirulent
pathogen, for instance, leads to a hypersensitive response that
results in the generation of high levels of pathogen-eradicating
H2O2, which must be removed rapidly by the peroxisomes of
adjacent cells to protect plant tissue, and probably also to turn off
the H2O2 signal. In the case of wounding, the signalling
molecule jasmonic acid is produced with the participation of
peroxisomal β-oxidation [116], and so the observed H2O2 burst
might also be used to expand the peroxisomal compartment for
enhanced jasmonic acid synthesis.
A hydrogen peroxide-dependent response capable of indu-
cing peroxins has long been regarded as absent from mammals
and yeast, where such proteins are barely inducible under
typical conditions that promote peroxisome proliferation
[10,67]. Nevertheless, exposure of Chinese hamster-ovarycells to H2O2 provokes a transcriptional response in several
peroxin genes [115], leading to the suggestion that an H2O2-
responsive pathway is evolutionarily conserved.
12. Concluding remarks
The flexible nature of peroxisomes in terms of their ability
to adapt to environmental needs was recognised soon after
their discovery by de Duve and Baudhuin in the 1960s [117].
This flexibility is embodied in the synthesis of the appropriate
enzymatic equipment in concert with an expansion of the
peroxisomal compartment. We now know that this dual
response is achieved by the coordinate transcription of genes
that encode specific sets of enzymes, peroxins, and transpor-
ters, and which is orchestrated by transcription factors that are
activated by environmental signals. The elucidation of the
regulatory circuitry for oleate induction in S. cerevisiae has
been a fascinating enterprise for all of us who set out to
explore this phenomenon, and is still proving useful for
guiding others in their quest to answer fundamental questions
relating to the physiology of fatty acid metabolism in
additional organisms.
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